We studied shaft tillage cultivation as practiced by an autonomous robot. Through previous studies, we determined that leg locomotion has a higher compatibility with the shaft tillage method than wheeled locomotion. Therefore, we are currently developing a legged robot for shaft tillage cultivation. In general, robots require a positioning system to autonomously travel in fields. The objectives of this study are the development of a localization method for an agricultural legged robot and an evaluation of the localization method. We assumed that an agricultural legged robot exhibits its slowest wave gait when walking. In this gait, after each leg is sequentially moved, the body is moved forward to complete one movement. This means that the body stops for a long time despite the robot is walking. The proposed localization method utilizes this unique characteristic of the legged robot. This study first reports on the development of localization using a laser distance sensor and a pan-tilt unit. Secondly, we report on a localization experiment to evaluate the localization accuracy of the proposed method. In this experiment, a total station with automatic target recognition was used as a ground truth. From the experimental results, we found that the measurement error between the proposed method and the total station data was approximately 14 mm and 0.232
1. Introduction
Background
There are several interesting studies focusing on robotization and the automation of agricultural machinery. However, we believe that the main topic among these is the substitution of human operations performed during conventional cultivation. We also believe that an autonomous robot can specialize in the practice of sustainable agriculture and perform better than human workers. Therefore, we are currently studying the development of autonomous farm robots and a new cultivation method for such robots. Figure 1 shows an outline of shaft tillage cultivation (Tajima, et al. 1996) using an autonomous robot. With this cultivation method, deep vertical shafts are drilled by rotating the tillage tool in order to obtain a tillage effect. Subsequently, a seedling is transplanted into the shaft, where it grows until harvest time.
The characteristics of this robot system can be summarized with these keywords; slow, light, small, diligent. A robot with these characteristics has lower power requirements than conventional machinery. Thus, power supplies using natural energy such as solar power may be possible. We manufactured a prototype of a photovoltaic-powered farming robot system (Tajima, et al., 1997; Tajima, et al., 2003) as shown in Fig. 2 . Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) This system comprises a delivery vehicle and a working vehicle that distribute various functions such as the conveyance of materials, supply of power, and positioning. In addition, we developed an attachment for a shaft tillage and transplantation machine (Tajima, et al., 2008) . Furthermore, we proposed and set up an affordable and high-precision 2D localization method for positioning the working vehicle (Tatsuno, et al., 2005) . After that, we executed transplantation experiments using an autonomous working vehicle equipped with the shaft tillage and transplant attachment. From the experimental results, though the localization error was greater than expected (less than 10 mm), several problems were identified due to the fact that the locomotive method of the working vehicle used wheels (Tatsuno, et al., 2009a) . For instance, pitch and roll movements of the vehicle body greatly influenced the positioning of the end effector. To cancel such influence, we need to install another actuator and sensor. However, depending on its structure, the use of a leg mechanism can also reduce the roll and the pitch.
Legged robot for shaft tillage cultivation
When we reconsidered the locomotive function of the shaft tillage cultivation robot, we found a high compatibility between leg locomotion and the shaft tillage method as follows (Tatsuno, et al., 2009b) . Travel speed: One of the weak points of legged locomotion is that high-speed travel is difficult. However, the growth rate of plants does not depend on the working speed of the machinery and farmer. Then, we considered that an agricultural robot does not require fast movements and that concept of our robot incorporate low-speed movement. On the other hand, performance in high-speed movement will certainly increase the generality of a legged robot. For example, to improve the walking speed of a quadruped robot, many studies on trot gait control for legged robots have been performed (Kurazume, Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. et al., 2001; Makita, et al., 2003 ; Palmer and Orin, 2006) . Typical problem in wheel locomotion: In wheel locomotion, roll and pitch are generated by bumps in the road, and influence the control performance of the end effector. The influence of the roll and pitch can be decreased by devising a leg mechanism. Furthermore, in the case of a legged robot, the field can be used more widely and effectively because neither a roadway nor headland is necessary. Taking one step at a time: During conventional cultivation, a farm tractor with wheels cultivates fields while moving. On the other hand, the robot must stop to perform shaft tillage and transplantation. Legged locomotion inherently possesses the function of taking one step at a time. Selecting the ground contact point: Although the wheel locomotion requires a continuous path, legged locomotion requires discrete ground points. On the other hand, during conventional cultivation with tractors, a continuous cultivation trajectory is generated. The machinery in shaft tillage cultivation produces discrete cultivation locations. Furthermore, legged locomotion is effective in the selection of ground contact points. Under shaft tillage cultivation, tillage and transplantation locations are managed in points. Meanwhile, in conventional agriculture using tractors, soil compaction is one of serious problems Hamza and Anderson, 2005) . We considered that the combination of legged robot and shaft tillage cultivation could avoid this issue. For example, it is possible that as soon as one of the robot's leg steps onto a target position for shaft tillage and transplanting, tillage (a disruption) operation is carried out at the same position. However, high-precision 2D localization method is necessary to realize this process.
Due to the above viewpoints, we started to develop a legged robot for shaft tillage cultivation. Figure 3 shows the initial design of a legged robot. The joint configuration of each leg was based on gravitationally decoupled actuation (GDA), which was proposed by Hirose (1984) . Under GDA theory, joints are used either to propel the body or to support the bodyweight. As shown in Fig. 3 , the leg has 3 degrees of freedom (DOF): two rotational joints and one prismatic joint. The two rotational joints perform the horizontal 2D motion, and the prismatic joint performs the vertical linear motion. Here the former is called a swing leg, and the latter is a stance leg. 
Objectives
We are willing to focus on the robot agriculture in the field of 10 a(≃ 30 m × 30 m) area that is a typical field size in the mainland of Japan. For working autonomously in the outdoor field, robots need to equip any localization function. Over the past several decades, a considerable number of studies have been conducted on robot localization. In the field of agricultural machinery, the use of DGPS (Inoue, et al., 2009) , RTK-GPS (Kise, et al., 2001) , total station with automatic target recognition (Matsuo, et al., 2008) , and laser range finders (Thanpattranon, et al., 2016) are typical examples. Although the localization accuracies of some studies are remarkable, they have major problems of a high initial cost and fixing of a base station. On the other hand, the practice of precision agriculture has begun in the US and other developed countries (Auernhammer 2001) . Under the precision agriculture, a more environmentally friendly farming can Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. be practiced by managing crop and land information with GPS and GIS.
Our shaft tillage cultivation also needs to manage soil, land, and crops precisely. Here, we would like to mention the requirement of localization accuracy. The left side of Fig. 4 shows the experimental field wherein we have practiced shaft tillage cultivation for a long time. As shown in this figure, both the hill distance and the row distance were determined to be the same (250 mm). Under shaft tillage cultivation, the entire field has not been regenerated after each crop. The shaft tillage and transplantation operation were executed in a different spot from the previous cultivation without destroying the soil surface (which is covered with living mulch). Since we configured the transplantation points with a grid spacing of 50 mm, there were 25 transplantation points with the transplantation order shown in the right side of Fig. 4 . As mentioned before, we have the idea to manage the ground contact point of the legged robot exactly. Since the grid spacing is 50 mm as shown in Fig. 4 , we determine that a localization accuracy of approximately 10 mm is necessary. In our design, the diagonal length of the robot body is approximately 1, 000 mm, and the link length of the horizontal joint is approximately 300 mm. Considering the influence of the orientation error of the robot body on the positioning error of the ground contact point of the legs, a measurement accuracy in the orientation angle of less than 0.5
• is necessary. Nearly all the conventional localization studies in the field of agricultural machinery as well as other fundamental robot studies have focused on the wheeled robot, and there are few studies on the localization of multi-legged robot. Unlike wheeled locomotion, legged locomotion is accompanied by unique movements when traveling. We considered the possibility of developing a new localization method using the unique movements of legged locomotion. In this study, we propose a high-precision and affordable localization method for a legged robot. In addition, we experimentally investigated the measurement error to evaluate the accuracy of the new localization method.
Localization method for legged robot 2.1. Gait of legged robot
First, we produced a 1/2.5 scale prototype of the leg structure and robot body (Tatsuno., et al., 2010) . Figure 5 shows a sequence photographs wherein the legged robot traveled forward. As mentioned above, we considered that the robot does not need to travel at high speed in the field. Rather, we placed importance on the walking stability of the legged robot. Therefore, we demonstrated the slowest wave gait using the scale model. During travel, after each leg is moved sequentially, the body is moved forward to complete one movement. In fact, the robot body stops for a long time even though the robot is walking. Unlike wheeled locomotion, legged locomotion exhibits such unique characteristics. Therefore, we determined that it was not a good decision to utilize existing localization methods that have mainly focused on wheeled locomotion but considered the possibility of developing a new localization method for legged locomotion based on such unique characteristics.
When a wheeled robot vehicle operates in uneven terrain such as upland field, cancellation of the pitching and rolling of the vehicle is necessary in order to control the end effector with high accuracy. In the case of the legged robot that we are developing, it is easy to control the position and posture of the body by adjusting the stroke of the prismatic joints. In particular, the prismatic joints are equipped with limit switches for zero point initialization as well as rotary encoders for measurement of rotational motion of the shaft. Also, 2-axis tilt sensor modules will be installed to equipment fixed on the Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. (1) Swing Leg1
(2) Swing Leg2 (3) Swing Leg3
(4) Swing Leg4 (5) Swing Leg5 (6) Body Movement robot. By using these sensor modules, we can guess the position (height) and posture (roll and pitch angles). From these viewpoints, let us focus on 2D plane localization in the following sections. Figure 6 shows the basic idea of a localization method for a legged robot. The legged robot is equipped with a laser distance sensor and a pan-tilt unit. Several reflectors are placed at known positions in the field. Here, the coordinates of reflector A and B are (x a , y a ) and (x b , y b ), respectively. We can obtain two distances L a and L b between the reflectors and the robot by rotating the irradiation direction of the laser distance sensor with the pan-tilt unit. Although several seconds are required to detect two reflectors, the detection duration poses no problem because the detection is carried out when the body of the legged robot stops as mentioned above. We can obtain the robot position (x, y) in world coordinate Σ 0 using the two distances L a , L b as follows.
Proposal of a localization method
These equations are used to solve the intersection of two circles. For example, the solution is given by the following equations.
where,
At the same time, orientation recognition is also important for the vehicle to travel autonomously. When we utilize RTK-GPS or total station with automatic target recognition for localization, we need an extra sensor to measure the Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00472]
Basic idea of legged robot localization orientation of the robot. In our method, we can obtain not only the position but also the orientation with single laser distance sensor. The method is as follows. As shown in Fig. 6 , we installed another reflector sheet C to measure the orientation deviation of the legged robot ϕ. This is equal to the angle of rotation around the Z-axis of the robot coordinate Σ R . In general, the initialization process is necessary to calibrate the robot coordinate Σ R and the coordinate of the localization system Σ S . For example, the motor shaft's position is initialized with a sensing devise like as limit switch when we turn on the system. In our method, the calibration process can be carried out with single laser distance sensor used to measure the robot position. As a result, we can calculate the robot orientation ϕ using α and ψ. Here, α is the horizontal angle between the posture when detecting reflector A and the posture when detecting reflector C and can be measured by rotating the pan-tilt unit. Also, ψ is derived from the robot position x and y, which were derived in the previous process. The equation for calculating ϕ is as follows;
In this way, we have to detect three reflector sheets (A, B, and C) by rotating the laser distance sensor with the pan-tilt unit. This principle may be slightly similar to the principle of a laser scanner that has been commonly used for the guidance of mobile robots (Kurashiki, et al., 2010) . By using laser scanner, we can obtain multi-axis localization data at the fast sampling rate. However, the measurement accuracy of laser scanners is lower than laser distance sensor of a single dimension. In our method, several seconds will be required to perform all reflectors detection. Thus it is unreasonable to apply this method to control a wheeled vehicle. But, since a legged robot has different characteristics from a wheeled robot, it is possible to utilize this method for the localization of a legged robot. Anyway, this idea occurred to us because we are innovating the legged robot that can work unhurriedly. It is sure that this viewpoint is the originality of this study.
Accuracy evaluation

Materials and methods
In order to evaluate the accuracy of the localization method for the legged robot, we carried out an experiment as follows. Figure 7 shows the apparatus used in the experiment. In this experiment, we used a DC motor driven cart Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00472] (Agri-cart, IDECH Co., Japan) instead of a legged robot because the legged robot was being developed at the time. We installed a laser distance sensor (DME 3000, Sick Co., Germany) and a pan-tilt unit (PTU-D46-17, FLIR System Inc., USA). The accuracy of the laser distance sensor and the resolution of the pan-tilt unit were reported as 5 mm and 0.0514
• , respectively. We used the product (PL 240-7610, Sick Co., Germany) as Reflectors A and B and fixed with the tripod stand in the experimental field. The width of each reflector was narrowed to 150 mm using the flocking sheet, while the height was 280 mm as same as original product. Under the assumption that the laser distance sensor is fixed at 30 m away from the reflector sheet, the spot on the reflector sheet moves every 27 mm(= 30 m · tan (0.0514 • )). From the results of another preliminary experiment, we found that the spot diameter was approximate 60 mm when the distance between the laser distance meter and the reflector sheet was 30 m. Considering these system characteristics, we set the widths of reflectors A and B to be 150 mm. We placed Reflector C, which was made with the reflection foil (REF-7610-K, Sick Co., Germany), on the nose of the cart. Since the displacement between Reflector C and the laser distance sensor was approximate 500 mm, the width of Reflector C was set to 15 mm. To obtain the coordinates (x a , y a ) and (x b , y b ), we measured the ground position, where the center of the tripod was projected, using automatic target recognition (SRX3, Sokia Co., Japan). From the results of the preliminary experiment, we found that the output of the laser distance sensor varied when the irradiation angle was smaller than 40
• . Therefore, both reflectors A and B were installed at an angle of 45
• so that they could turn to the center of the experimental field.
The output of the total station was used as the ground truth in the experiment. Here, the accuracy of the total station is denoted as (2 + 2 ppm × D) (mm), and is smaller than the accuracy of the laser distance sensor. We also placed prisms A and B on the cart in order to measure the actual coordinate and orientation of the cart. Figure 8 shows the trajectory of the cart as measured by the total station during the experiment. As shown in this figure, the cart repeated stop-and-go driving 20 times while drawing zig-zag trajectory in a field measuring 25 m × 25 m. Here, the cart did not turn at the edge ( P 5 , P 10 and P 14 ), but switchbacked. When the cart stopped, we obtained localization data using our developed system and the total station. As mentioned before, the localization method proposed in this paper can be discussed in a 2D plane because of using the legged locomotion. However, the wheeled skid-steer vehicle employed in this experiment cannot cancel the pitching and rolling. Particularly, the pitching of the vehicle has a significant influence on localization. Therefore, before the localization at each point, we carried out the following process to cancel the pitching of the cart. When the cart stopped at the point P 0 , we controlled the tilt mechanism so that the laser distance sensor could irradiate its beam horizontally. At the other points (P 1 to P 19 ), after we calculated the vertical displacement of the laser distance sensor with the dataset of the total station, we controlled the tilt mechanism so that the beam of the laser distance sensor could become parallel to the beam at P 0 .
On the other hand, Fig. 9 is the schematic that shows how to detect the center of each reflector sheet. As shown in Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) Fig. 9(a) , when Reflector A is detected to measure L a , the localization system intermittently irradiates the beam from the right side of Reflector A while the pan-tilt unit rotates counterclockwise step by step. When the beam reaches the flocking sheet of left side, the localization system calculates the reflector sheet center, and rotates clockwise to project the center. Contrarily, in the algorithm to detect the center of Reflector B, the system turns to the inverse direction to the algorithm for Reflector A. Besides, the distances between the laser distance sensor and the reflector sheets were measured five times after each reflector sheet was detected. Thus, we use the average values of the five measurements as L a and L b . In the detection of the center of reflector C, the system rotates clockwise while determining whether the laser beam reflection is present. The center position of Reflector C is computed using a count value of reflection.
Results
The measurement values when using our developed system are summarized in Table 1 . The values x and y were calculated by substituting the outputs L a and L b of the laser distance sensor into Eqs. (3) and (4). Here, the coordinates of both reflectors A and B were measured by using the total station beforehand; (x a , y a ) = (24.763, 0.001), (x b , y b ) = (25.679, 24.560). As mentioned before, the orientation angle ϕ is calculated with α, which is the horizontal angle between the posture of the laser distance sensor when detecting reflectors A and C.
In Table 1 , x * , y * , and ϕ * were calculated with the measurement positions of prisms A and B on the cart. Both e x and e y are the differences between the localization system and the ground truth; e x = x − x * , e y = y − y * . By using e x and e y , we calculated the distance error e xy (= √ e x 2 + e y 2 ) at all points. Here, e ϕ is also the difference between ϕ and ϕ * . First, let us discuss the distance error e xy statistically. The largest and smallest values were found to be 0.024 m and 0.005 m, respectively. While the distance errors at P 6 , P 12 , P 13 , P 14 and P 15 were less than 10 mm, the distance errors at P 5 , P 16 and P 19 were greater than 20 mm. Considering the relationship between the measurement points as shown in Fig. 8 and the outputs of the laser distance sensor in Table 1 , we determined that the distance error e xy does not depend on the range of the laser distance sensor. The mean of e xy could be determined to be 0.014 ± 0.005 m, and the mean of the absolute value of e ϕ was 0.232 ± 0.120 • .
Discussions
Let us consider the factors of the measurement errors as shown in Table 1 . First, we could find the negative bias for e x and the positive bias for e y . This means that the output of the localization system had the tendency that the value of x coordinates became smaller while that of y coordinate became larger than the ground truth. Considering the elements of Eqs. (3) and (4), we guessed that the cause of these bias was generated by the measurement error of the coordinates of reflector A and B are (x a , y a ) and (x b , y b ). Furthermore, it's found that the measurement error e ϕ also has a negative bias. The Eq. (12) suggests that the angle α became bigger than the Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) true value. When we reconsidered the detection algorithm of the sheet center as shown in the Fig. 9(b) , it is possible that the bias occurred due to imperfect detection algorithm. Therefore, we carried out some numerical simulations to evaluate the effects of the error of x a , y a , x b , y b , α on the measurement error e xy and e ϕ . Table 2 shows the result of a numerical simulation in which we assumed that x and y coordinates of both reflector A and B had −5 mm and 10 mm offsets respectively, and the rotational amount of the pan-unit (α) had the extra rotation of four steps (= 0.2056 • ) when the localization system detected the reflector C. At that time, extra displacement of the laser spot on Reflector C was calculated to be 1.79 mm. As a result, it was found that biases for e x , e y and e y became less. In similar way, the mean of e xy and the mean of the absolute value ofẽ ϕ could be calculated to be 0.008 ± 0.006 m, and 0.111 ± 0.102
• , respectively.
When we compared these simulation results with the experimental data, we found that the measurement errors got small. The next problem which we have to consider may be the measurement accuracy of the laser distance sensor. As mentioned above, the accuracy of the laser distance sensor was printed as ±5 mm. The supposition in which same measurement error occurred whenever we obtained the output of the laser distance sensor may be unreasonable. Since we grasped that the output gets big as an irradiation angle becomes small, we performed numerical computation in which we removed the error depending on the irradiation angle. As shown in Fig. 8, when Reflector A was irradiated, the irradiation angle was small at the points P 0 , P 1 , P 2 , P 14 , and P 15 . Besides, when Reflector B was irradiated from the place of P 5 , P 11 , P 16 , P 17 , P 18 , and P 19 , the irradiation angle became small. After we had deducted several millimeters from the laser distance sensor output at these points, we recalculated the coordinates and the measurement error. As a result, the mean ofẽ xy and the mean of the absolute value ofẽ ϕ became 0.014 ± 0.006 m, and 0.227 ± 0.121
• , respectively. This suggests that the accuracy of the laser distance sensor has little influence on the measurement error of the localization system. From the above results, it is suggested that the measurement error of the coordinates of reflector A and B has a significant influence on the measurement accuracy of the localization system. Although we implemented a countermeasure against the vehicle attitude as mentioned above, we overlooked the inclination of the reflector sheets fixed on the field. We need to contrive a fixing method of the reflector sheets so that we can measure the reflector sheet position as accurate as possible. As for the laser distance sensor, the reproducibility is relatively higher than the measurement accuracy. The laser distance sensor may have periodic error depending on the distance to target because it measures the distance in accordance with phase correlation principle. The numerical simulation in which the laser distance sensor had the error corresponding to the irradiation angle didn't result in the error removal of the localization system. If we find error generation mechanism based on the measurement principle and formulate a calibration method, improvement of measurement error will be expected. Meanwhile, the miss-detection of the center of Reflector C had an influence on the measurement error of the angle α. We will solve this issue by the redesign of the optical system instead of introducing other sensors to keep the originality of this article. We have some countermeasures ideas against this issue. The first one is to improve the detection algorithm. Anyway, we will make our robot work slowly. Considering this concept, we think to install a newly sheet center detection algorithm that derives high accuracy result with long turn-around time. Secondly, redesign Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00472] of Reflector C may be effective. Although we employed the reflector sheet with simple design in this experiment, we can develop the reflector with slit or reflector with an indented surface. Moreover, to install a pan-tilt unit with a higher resolution must be a practical approach. When we reconsider the design of Reflector C, we can reduce the width of the reflector. Recently, pan-tilt units with more precise resolutions, e.g. 0.006 • , have been commercialized. If we can install this pan-tilt unit to the localization system, the laser spot on Reflector C moves 0.05 mm(= 500 mm · tan (0.006 • )) per step. By these countermeasures, we believe that we can develop the localization system with the measurement accuracy of less than 10 mm. Additionally, using a pan-tilt unit with a higher resolution offers another advantage. As mentioned before, we are focusing on the robot farming in the field of 1, 000 m 2 (= 10 a) because it's a typical field size in the mainland of Japan.
Besides, large scale farmers in Japan have farmlands of more than 1 ha. Therefore, we recognize that we need to advance our study so that our farming robot can work in the farmland of 1 ha. In case of 0.006 • resolution, the spot interval on the reflector sheet fixed at 100 m ahead is calculated to be 10 mm. In contrast, the spot interval becomes 87 mm using our pan-tilt unit, and thus the reflector size becomes too big to fix actually. The results of this paper can be applied to other application. In the same outdoor environment as in the experiment in this study, RTK-GPS has been mainly utilized for the localization of autonomous vehicles. Compared with the accuracy of RTK-GPS, the accuracy of our system is clearly higher. Furthermore, it is well-known that it is difficult to obtain GPS signals in an indoor environment such as industrial factories, warehouses, agricultural greenhouses, etc. It is also expected that the localization method proposed in this study can be used in an indoor field. Several studies on localization in indoor environments have been reported (Rizos et al., 2010; Widodo et al., 2013) . However, the accuracy of these studies is lower than that of our proposed method. Although the main issue in our study is the development of a legged robot and the realization of autonomous farm work using the localization method, we can also consider other applications of the localization method.
Conclusion
The objectives of this study were to develop a localization system for a legged robot that practices shaft tillage cultivation and to evaluate the measurement accuracy of that system. As determined from the long-term in-field cultivation experiments, a measurement accuracy of approximately 10 mm is required. By considering the characteristics of a legged robot, we proposed a localization method with a single laser distance sensor and a pan-tilt unit. Although this method Tatsuno, Tajima and Inagaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00472] requires several seconds to perform the localization of the legged robot, the measurement time is not a critical problem since the legged robot exhibits unique movements when traveling. We carried out an experiment to evaluate the measurement accuracy of the proposed localization system. The measurement error of the position and orientation were 14 mm and 0.232 • respectively. Although the measurement error of position is greater than the required specification, the localization accuracy can be improved if we could fix the reflector sheet with higher accuracy and replace the laser distance sensor with a more precise resolution. In the future work, we will develop a legged robot equipped with the proposed localization system. After that, we will attempt to perform the autonomous farm work using such a legged robot. We would like to express our gratitude to all the graduate and undergraduate students in our laboratory for their kind help. This study was partially supported by JSPS KAKENHI Grant Number JP25420231.
